Abstract-Power electronic controllers are employed in the transmission and distribution levels of the power systems. In transmission level applications, Flexible AC Transmission System (FACTS) controllers, consist of shunt and series static compensators, are applied for power flow control, stability enhancement, voltage regulation and power oscillation damping. A Static Var Compensator (SVC) is a shunt-connected FACTS controller that is able to exchange reactive power with the power system in a controlled way. The SVC can be used for load balancing applications to reduce negative sequence components in the network to an acceptable level. The aim of the paper is to evaluate the dynamic performance of the SVC negative sequence controller. The benefits of the SVC negative sequence controller and characteristics is presented. The simulation illustrates that the SVC allows utilities to balance asymmetrical loads to mitigate the network negative sequence components.
I. INTRODUCTION
Asymmetrical loads, such as single phase, arc furnaces and railway, enhances the amount of unbalance or negative sequence components in the network. Further increase in negative sequence components is due to the network inherent asymmetry i.e. untransposed transmission. Negative sequence components impact the network apparatus, such as the synchronous machine, motors, and lines, by causing electrical and mechanical stress and power loss. The SVC connected to the same asymmetrical load bus injects different capacitive or inductive negative sequence current, in each phase, which has an opposite phase of the load negative sequence current. As a result, the network see symmetrical load and phase voltages and currents are balanced without exchanging active power between the network and the compensator. The aim of the paper is to study the SVC dynamic performance for load balancing applications.
II. UNBALANCE SYSTEM BACKGROUND
Fortescue transformation, given by (1) , is a powerful tool in practical analysis of unbalanced network, where the three phase quantities are not equal in magnitude and not displaced by 120
• phase shift.
V abc = TV 012 (1a)
I abc = T I 012 (1b)
where "0", "1"and "2"are the zero, positive and negative sequence components respectively. T is the transformation matrix given by (2) .
where (a) is a factor that provide 120 degree rotation i.e. a = e j120 . IEC defines unbalance as the ratio between negative sequence (NS) components (V 2 , I 2 ) to the positive sequence (PS) components (V 1 , I 1 ) [1] . Thus, voltage and current unbalance factors (VUF, IUF) are given by (3) .
Most standards and grid codes agree on a maximum level of voltage unbalance of 1% to 3%, depending on the network characteristics and voltage level. For example, in Northern Europe, the average measured VUF limit must be below 1% in Sweden and Denmark and 2% in 110kV Finish grid [2] .
A. Impact of Unbalance
Unbalance impact the network apparatus such as the synchronous machine, motors, and lines. Three phase synchronous machines are design to withstand a certain amount of NS which if exceeded could cause both mechanical and electrical stress on the machine. It impact the operation of the machine by causing a large heat and power loss which will reduce its efficiency and life time. The PS current in the stator induced 1 978-1-4799-7720-8/14/$31.00 ©2014 IEEE a flux density vector which rotates with the direction of the rotor at angular velocity of (w). On the other hand, NS current in the stator induce a flux density vector which rotates in the opposite direction of the rotor. Thus, the current and the flux density induced in the rotor are double frequency (2w) relative to the rotor [3] . In other words, a flux is induced at twice the rotational velocity which includes double frequency currents in the field system and the rotor body. Such an issue causes additional hysteresis loss and eddy current loss. The operation of induction motors is negatively affected in the same way as synchronous machine when supplied by unbalanced voltage. Additionally, NS current produced a reversing torque to the PS one due to the air gap NS flux that rotate against the PS flux. Thus, the motor will not be able to produce its full torque i.e. a lower net and peak torque of the machine. In other words, it behaves like a superposition of two separate motors running with two different slips for PS and NS voltage. This would cause a speed reduction and high slip operation of the motor which will increase the rotor loss and heat dissipation. Moreover, the efficiency an life time of the motor is reduced. The NS current in transmission and distribution lines do not convey a useful energy. Therefore, it contributes to the total loss in the network and increase the conductor temperature. Unlike ZS components, transferors behaves to NS components in a similar way as PS components. Different configuration, such as delta connection, can not block the NS components to circulate in the delta winding. Due to the aforementioned reasons, it is highly important to limit the level of unbalance in the power system and in the next section some of the load balancing circuits will be presented.
III. LOAD BALANCING CIRCUIT

A. Steinmetz circuit for single phase Load
A circuit proposed by Charles Proteus Steinmetz in [4] [5] illustrates that asymmetrical load, in three phase network, can be seen as symmetrical by using shunt connected passive elements i.e. inductor and capacitor. To understand the basics of Steinmetz circuit, a single phase load connected at the Point of Common Coupling (PCC) of a three phase network as shown in Fig. 1 . For simplicity, assume that the load power factor is one i.e. only active power is drawn by the load. Hence, the phase currents are I a = 0, I b = I load and I c = −I load which causes a NS current in the network and unbalance PCC voltages (V a = V b = V c ). To balance such a load, a current source is needed, between phase a and b, which provides a current that lags the line to line voltage (V ab ). Another current source is needed, between phase c and a, which provides a current that leads the line to line voltage (V ca ). This could be achieved by connecting an inductor and a capacitor as illustrated in Fig. 1. Fig 2 shows To understand how the simple Steinmetz circuit balance the single phase load, consider having a variable inductor and capacitor in Fig. 1 instead of fixed one. Then, the inductive and capacitive currents magnitude are expressed by (4) assuming a sinusoidal steady state, neglected voltage drop in the network impedance and zero phase reference of the line PS voltage [4] .
where (S) and (I) are the rated power and maximum current of the variable impedance and (0 ≤ β 1,2 ≤ 1). In the complex domain, the inductive and capacitive currents are expressed by (5) [4] .
Hence, the currents (I a , I b and I c ), assuming no load is initially connected to the PCC, are expressed by (6) [4] .
The PS and NS currents in (I a , I b and I c ) are obtained, using the Fortescue theorem as in 1, yielding Fig. 3 shows the PS and NS current phasors from Steinmetz circuit. Notice, the circuit inject two type of currents i.e PS given by (7a) and NS given by (7b). The PS current is a purely reactive. The magnitude of the compensator NS current vector is limited to the rating of the impedance and its maximum value is (|I 2 | β 1 =1 = √ 3/3I and |I 2 | β 2 =1 = √ 3/3I) for the inductive and capacitive range respectively. Also, the position of the NS vector is limited between the phase range of ( −π 6 and π 6 ). Importantly, the PS and the NS current from Steinmetz circuit can not be controlled individually which is a major drawback of such a compensator. The NS current vector in the network, caused by the single phase load, must be within the compensator magnitude limit with a load phase between ( −π 6 ≤ ϕ load ≤ π 6 ) in order to reach a full NS current elimination. It is not practical to just connect a fixed shunt impedance to the PCC because the load is varying. Thus, a variable shunt impedance is necessary which must be dynamically controlled via a control system. One way to get a dynamic variable impedance is to use an SVC which will be discussed in the next sections. In [5] , the calculations of the impedance needed by the SVC to balance asymmetrical load are given in details.
IV. SVC CHARACTERISTIC
The SVC is a shunt-connected Flexible AC Transmission System (FACTS) controller that is able to exchange reactive power with the power system in a controller way [6] . The SVC is based on passive elements, capacitors and inductors, along with thyristor valves. The SVC is typically used for voltage control, stability enhancement and power oscillation damping. It consists of thyristor controlled reactor (TCR) and thyristor switched capacitor (TSC) which are discussed in the following text.
A. Thyristor Controlled Reactor (TCR)
The TCR is a shunt connected static var absorber which has a continuous control of the thyristor valve to achieve the desired effective inductive reactance. Fig. 4 shows the basic circuit of a single phase TCR which consists of a fixed reactor of inductance (L) and two thyristors connected in anti-parallel. The concept of continuous firing angle control of the TCR thyristor valve allows a controllability of its current from rated to zero. Fig. 5 shows the TCR current, i L (α)
v(t) = V cos(wt).
If the thyristor firing angle (α) is zero, i.e. fully on valve, the TCR current is i L (α = 0). By using a delay angle between zero and π 2 with respect to the applied voltage peak, the closure of the thyristor valve is controlled which enables a continuous TCR current control [6] . Hence, the TCR acts as a normal inductor with a controllable effective admittance. 
B. Thyristor Switched Capacitor (TSC)
The TSC is a shunt connected static var generator which has a stepwise control, from full to zero conduction of the thyristor valve, to achieve a stepped capacitive reactance [6] . Fig. 6 shows the basic circuit of a single phase TSC which consists of a fixed capacitor with capacitance (C), two thyristors connected in anti-parallel and a small damping reactor with inductance (L). The damping inductance is needed to limit the transient surge current when switching the thyristors. The TSC current consist of a steady state and and an oscillating transient currents. In order to eliminate the oscillating transient current, the thyristor must switch at the positive or the negative peak instant of the grid voltage. In practice, it is always impossible to satisfy such a condition due to several reasons such as, not having a purely sinusoidal gird voltage. 
C. SVC operating principles
The typical voltage-current diagram of a conventional SVC is shown in Fig. 7 . The SVC current can be controlled between the capacitive and inductive range, depending on the required system load line, to keep a constant voltage reference (Vref). The system load line represent a thevenin equivalent of the network (V = E − jXI) which gives the magnitudes of the bus voltage for each value of the system voltage (E). Normal SVC application requires higher capacitive current, to compensate the bus voltage. The TSC can be either just one unit rated for the capacitive range or several units to reduce the TCR size. The capacitive current changes in discrete steps i.e. either on or off TSC. The inductive current changes continuously to absorb the capacitive current surplus from the nTSC which insures continuous voltage regulation at the bus. Unlike fixed capacitor and TCR configuration, the TCR rating is reduced by (1/n) of the maximum capacitive current in nTSC-TCR configuration [6] . Hence, the non sinusoidal harmonic components generated by the TCR reduce significantly. A current droop, by allowing a 3-5% voltage error in the SVC bus, reduces the size of the SVC or enables larger regulation range (keeping the same size). The NS voltage regulator is based on a PI regulator where the measured NS voltage at the SVC bus is used as an input. Then, it is compared with the desired VUF at the SVC bus which is normally between 1-3% depending on the voltage level and the load characteristic. The NS voltage regulator generates an output signal (B 2,re f ) which is used to calculate the individual firing pulses of each TCR in the delta connection. The value of the PS suceptance (B 1,re f ) is used to compromise the priority between the NS and PS voltage regulators. In other words, it is used as a limitation for the NS voltage regulator when the PS voltage is in operation and has a priority.
VI. SIMULATION CASES AND RESULT
In Fig. 9 , a simple 220kV thevenin network is used to test the dynamic performance of the SVC which is connected in shunt with a generic asymmetrical load. 
A. SVC with a PS voltage regulator only:
In this case, the SVC works with a PS voltage regulator only and the NS voltage regulator is in idle mode. Fig. 10 shows the PCC voltage, network and load current where the SVC starts to operates at t = 1s. Fig. 11 shows the SVC current, reactive power and TCRs susceptances. The SVC injects a different PS current in each phase to regulate the PCC voltage between (0.9-1.1 pu). Because the TCRs are not controller independently for each phase, their susceptance are equal for each phase. They also have a very low values because of the low voltage at the PCC and more TSCs current is needed than TCRs current to improve the PCC voltage. The reason that the SVC is injecting different current in each phase is the asymmetrical load which causes unequal phase voltages seen by the SVC. If the load was symmetrical, the SVC sees equal phase voltages and injects equal phase currents. Because the SVC is injecting unequal PS current in each phase which boosts the individual phase PCC voltage, the voltage and current unbalance in the network would increase after the SVC started. This is because that VUF depends on the PS and NS voltages by definition. However, that dependents on the network strength and load type. Therefore, the drawback of having an SVC with a PS voltage regulator only in unbalanced network is the higher voltage and current unbalance the SVC causes to the network. This could be eliminated by having an SVC with independent control of the TCRs in each phase. 
B. SVC with a NS voltage regulator only
In this case, the SVC operates with a NS voltage regulator only while the PS voltage regulator is off. Fig. 12 illustrates the SVC current, reactive power and susceptance of each TCR in the delta connection i.e. (TCR ab , TCR bc and TCR ca ) when the SVC operates with NS voltage regulator only. Unlike the previous case, asymmetrical controller is provided by giving a different firing pulse for each TCR, i.e. independent control, while the TSCs are switched on or off if the PS voltage regulator is on only. This will allow the SVC to inject different NS current in each phase which has an opposite angle of the load NS current. 
C. SVC with a PS and a NS voltage regulator
In this case, the SVC operates with both PS and NS voltage regulators. Fig. 13 shows the SVC current, reactive power and susceptance of each TCR in the delta connection. As mentioned previously, the SVC can not control the PS and NS individually and priority is configured for the PS voltage regulator in the SVC controller. This is clearly illustrated in the TCRs susceptance which shows a PS voltage regulator priority. In other words, each TCR should give different susceptance value in order to mitigate the load NS current. However, that would consume the TSCs and filter current to improve the bus voltage. For instance, in order to maximize the NS voltage regulator from the SVC, it should operate in the middle of the TCRs range (similar to Fig. 12 for TCRs susceptance). This is because if the TCRs are close to zero current or low susceptance, there is no much room for the NS voltage regulator. Fig. 15 illustrates the torque speed characteristic of the machine with and without the SVC. Notice the high oscillation on the electrical torque which makes it impossible to define the operating point, i.e. (T e = T m ), of the machine. However, the installation of the SVC with a NS voltage regulator eliminates the unbalance caused by the asymmetrical load. As a result, the oscillation on the electrical torque is eliminated and the machine operating point is (A) where the speed is (0.92 pu) and (T e = T m = 0.69pu). The electrical torque oscillation, with the SVC, at low speeds is due to the start up of the machine and the SVC. The machine keeps acceleration (T e > T m ) till the steady state operating point (A) is reached where the speed is less than the synchronous speed of 1 pu. In this paper, an evaluation of the SVC in load balancing applications is presented. It is important to stress the following:
• Six-pulse TCRs and TSCs topology shows a fair control of the PCC voltage unbalance. However, the six-pulse TSCs are not utilized if the topology is implemented for NS voltage regulation only. This is because the TSCs cause high transient current and satisfying the free or minimum transient switching strategy is difficult when excessive variation of NS components exist. Therefore, only the TCRs and harmonic fixed filters acts as Steinmetz circuit. The drawback of this topology is the inability of the SVC to control each phase independently if one of the TCRs in the delta connection hit zero susceptance which will cause the other TCRs to stay at constant susceptance.
• A conventional SVC, without NS voltage regulator, for PS voltage regulation implemented in a node where asymmetrical network and load exist can lead to an increase in the amount of NS that circulate in the network. This is because the SVC susceptance depends on the bus voltage and can not be controlled independent of the bus voltage.
• An SVC, with both PS and NS sequence voltage regulators, shows a good dynamic PS voltage support and fair elimination of the NS components caused by asymmetrical load. However, a compromised solution between controlling both component is essential because they can not be controlled independently.
• The SVC response to mitigate NS components depends on the load type and network strength. Constant power loads cause the highest NS components because their impedance is varied with the input voltage to keep a fixed power. The weaker the network, the higher NS components and vice versa in stronger network.
• The SVC, with a NS voltage regulator, implemented in industrial load bus, where high amount of NS components exist, lead to balanced phase voltages, i.e. PS voltage, applied across the motor which will reduce the electrical torque oscillation, keep the speed constant where the mechanical and electrical torque are equal.
